ness in the knockout group. Conclusions: Together, these data show that IN CpG has a therapeutic effect during established fungal asthma, which is TLR9 dependent and independent.
Introduction
Allergic asthma is characterized by Th2 inflammation, which drives physiologic and structural remodeling events in the lung [1, 2] . Recent strategies to treat allergic airway disease have focused on limiting or reducing Th2 inflammation. One immunotherapeutic strategy being developed for clinical therapy in asthma involves the use of hypomethylated oligodeoxynucleotides (ODNs) containing CpG motifs, which mimic either bacterial or viral DNA [3] [4] [5] . Prophylactic, systemic CpG administration in acute allergic airway models driven by ovalbumin (OVA), Aspergillus antigen, or house dust mite elicits major protective effects [6] [7] [8] . Further, exogenously administered CpG has been shown to inhibit and/or reverse airway remodeling in an OVA model of allergic asthma even when administered after OVA challenge and establishment of airway disease [9] [10] [11] . The mechanism through which CpG inhibits or reverses allergic airway disease is attributed, in part, to the inhibition of Th2 cytokines such as IL-4, IL-5, IL-9, and IL-13 and migration of Th2 cells into the lung environment [6, 9, [12] [13] [14] . B cells and plasmacytoid dendritic cells (DCs) respond to CpG and generate Th1-type proinflammatory cytokines, interferons, and chemokines. Certain CpG motifs have also been demonstrated to activate natural killer (NK) cells and induce plasmacytoid DCs to secrete IFN-␣ [15, 16] . Some controversy exists as to which Th1-type cytokines mediate the therapeutic effects of CpG in allergic airway disease. The beneficial effects of CpG in experimental allergic airway disease are partially inhibited after the immunoneutralization of IFN-␣ , IFN-␤ , and IL-12 [6] . Subsequent studies identified that neither IL-12 nor IFN-␥ were necessary for the therapeutic effect observed with CpG in allergic asthma models [17] . More recently, the mechanisms behind the inhibitory effects of CpG have been identified as involving the regulation of IL-5 through IL-10 synthesis [18] . Thus, CpG administration prior to or during acute allergic airway disease markedly attenuates features of this disease via its immunomodulatory effects.
Although CpG is assumed to work via Toll-like receptor 9 (TLR9), emerging evidence suggests that this ligand might exert immunomodulatory effects in a TLR9-independent manner [19] [20] [21] . TLR9-independent CpG activation occurs through Src kinase signaling mechanisms, which produce tyrosine phosphorylation events leading to actin polymerization and chemokine generation [21] . In neutrophils, TLR9-independent, but MyD88-dependent mechanisms have been identified as critical to the response to CpG in vitro [20] . Macrophage receptor with collagenous structure (MARCO) and scavenger receptor-A (SR-A) have been recently identified as receptors for CpG and are expressed on lung macrophages and DCs [22] [23] [24] . Whether CpG exerts immunomodulatory effects in a TLR9-independent manner during experimental allergic airway disease has not been addressed previously.
In the present study, we investigated the therapeutic effect of CpG in a chronic fungal asthma model. While previous studies of CpG in experimental asthma have investigated various modes of CpG delivery in wild-type (TLR9+/+) mice with allergic airway disease, our present investigation examined the effects of both the systemic (intraperitoneal, IP) and local (intranasal, IN) administration of CpG on TLR9+/+ and TLR9-/-mice with established Aspergillus fumigatus conidium-induced fungal asthma. We recently reported that A. fumigatus -sensitized TLR9-/-mice exhibit a very severe form of fungal asthma characterized by fungal growth and profound tissue remodeling after challenging these mice with swollen conidia [25] . In the present study, IN CpG but not IP CpG administration to TLR9+/+ mice 14-28 days after conidium challenge ameliorated AHR and airway remodeling at the day-28 time point. IN CpG but not IP CpG treatment over the same time ameliorated airway remodeling but not AHR in TLR9-/-mice with fungal asthma. While IN CpG raised whole-lung levels of IL-12 in both TLR9+/+ and TLR9-/-mice, only the TLR9+/+ group exhibited an increase in whole-lung levels of IL-10 when CpG was delivered in this manner. Responses to IN CpG in TLR9-/-mice were consistent with the markedly increased expression of MARCO and SR-A in the lungs of TLR9-/-mice with fungal asthma. Thus, TLR9-dependent and -independent recognition of CpG in the lung are responsible for reversing airway remodeling in mice during chronic fungal asthma.
Materials and Methods
Mice Homozygous, female TLR9-gene-deficient (TLR9-/-) mice on BALB/c background were bred at the University of Michigan. Female, wild-type BALB/c (TLR9+/+) mice at 6-8 weeks of age were purchased from the Jackson Laboratory (Bar Harbor, Me., USA). Both groups of mice were maintained in a specific pathogen-free facility for the duration of the study. Prior approval for mouse usage was obtained from the University Laboratory of Animal Medicine at the University of Michigan Medical School.
A. fumigatus Growth and Isolation
Lyophilized A. fumigatus strain 13073 conidia (American Type Culture Collection, Manassas, Va., USA) stored in PBS with 0.1% BSA and glycerol were aseptically inoculated on Sabouraud dextrose agar plates (Teknova, Hollister, Calif., USA) and were cultured for 10 days at 37 ° C until mature conidia were visually apparent (i.e. dark green coloration). Conidia were washed from culture plates using 50 ml of sterile PBS with 0.1% Tween 80, strained through sterile gauze to remove hyphal contamination, centrifuged, and finally reconstituted to a concentration of 1.7 ! 10 8 conidia/ml. Conidia were then incubated for 6 h at 37 ° C to allow them to become swollen prior to intratracheal (IT) injection.
CpG Treatments in a Chronic Fungal Asthma Model
TLR9+/+ and TLR9-/-mice were sensitized with a commercially available preparation of soluble A. fumigatus antigens as described in detail previously [26] . Seven days after a third IN challenge, each mouse received 5 ! 10 6 swollen conidia suspended in 30 l of PBS Tween 80 (0.1%; vol/vol) via IT administration as previously described [27] . Beginning on day 14 after conidium challenge, both groups of TLR9 received either 5 g of CpG (HyCult Biotechnology, Uden, The Netherlands) dissolved in 20 l of distilled water for IN instillation or 200 l of distilled water for IP injection every other day until day 28 after conidium challenge. The CpG used herein is a 20-mer synthetic ODN that has the following sequence: 5 -tccatgacgttcctgatgct-3 and contains a CpG-DNA motif, which mimics the immunostimulatory effects of bacterial DNA.
On day 28 after IT A. fumigatus swollen conidium challenge, bronchial hyperresponsiveness was assessed in a Buxco TM plethysmograph (Buxco, Troy, N.Y., USA) [26] . Briefly, sodium pentobarbital (Butler, Columbus, Ohio, USA; 0.04 mg/g of mouse body weight) was used to anesthetize mice prior to their intubation and ventilation with a Harvard pump ventilator (Harvard Apparatus, Reno, Nev., USA). Once baseline airway resistance was established, 420 mg/kg of methacholine was administered intravenously through the tail vein, and airway hyperresponsiveness (AHR) was monitored for approximately 2 min. The peak increase in airway resistance was then recorded. After the assessment of AHR, blood was removed for immunoglobulin analysis and whole lungs were dissected from each mouse and snap frozen in liquid nitrogen or fixed in 10% formalin for genomic, proteomic, and histological analyses.
Serum IgE and IgG2a Analyses
In TLR9+/+ and TLR9-/-groups, serum levels of IgE and IgG2a were analyzed on day 28 after conidium challenge using complementary capture and detection antibody pairs for IgE (PharMingen, San Diego, Calif., USA). Immunoglobulin ELISAs were performed according to the manufacturer's directions. Duplicate serum samples were diluted to 1: 20 for IgE determination. Immunoglobulin levels were then determined from optical density readings at 492 nm, and immunoglobulin concentrations were calculated from a standard curve generated using recombinant IgE or IgG2a (the standard curves ranged from 0 to 1,000 ng/ml).
Whole-Lung RNA Isolation and TaqMan Analysis
Total RNA was isolated from homogenized mouse lungs using TRIzol reagent (Invitrogen/Life Technologies, Carlsbad, Calif., USA). Purified RNA was treated with DNAse and reverse transcribed into cDNA using TaqMan reverse transcription reagents (Applied Biosystems, Foster City, Calif., USA). For quantitative TaqMan analysis, a total of 0.2 g of total RNA was reverse transcribed to yield cDNA, and predeveloped TaqMan gene expression assays were used to quantify IFN-␣ , IFN-␤ , CXCL10, MARCO, SR-AI/II, TLR2, TLR3, and TLR9 according to the manufacturer's (Applied Biosystems) instructions. GAPDH was analyzed as an internal control. Gene expression was normalized to GAPDH before the fold change in gene expression was calculated. The fold changes in transcript expression were calculated via the comparison of gene expression in naïve whole-lung samples, which were assigned a value of 1 to that in whole-lung samples from mice with chronic fungal asthma.
Whole-Lung Proteomic Analysis
Murine IL-4, IL-5, IL-10, IL-13, IFN-␥ , TGF-␤ , TNF-␣ , IL12p70, CXCL10, CCL11, CXCL9, CCL21, CCL6, CCL2, CCL3, CCL5, CCL22, CCL17, MARCO, and SR-A levels were determined in 50-l samples from whole-lung homogenates using a standardized sandwich ELISA technique previously described in detail or through a bead-based multiple target sandwich ELISA system (Bio-Plex, Bio-Rad Laboratories, Hercules, Calif., USA). Recombinant murine cytokines and chemokines (R&D Systems, Rochester, Minn., USA) were used to generate the standard curves from which the sample concentrations were derived. The limits of ELISA detection for each cytokine were consistently 1 50 pg/ml for sandwich ELISA and 1 1 pg/ml for Bio-Plex. The cytokine and chemokine levels in each sample were normalized to total protein levels measured using the Bradford assay.
Whole-Lung Histological Analysis
Whole lungs from A. fumigatus -sensitized TLR9+/+ and TLR9-/-mice prior to and at various times after A. fumigatus conidium challenge were fully inflated with 10% formalin, dissected, and placed in fresh 10% formalin for 24 h. Routine histological techniques were used to paraffin embed the entire lung, and 5-m sections of whole lung were stained with periodic acidSchiff (PAS) and Masson trichrome.
MARCO and SR-A Immunohistochemistry
Paraffin-embedded whole-lung samples were analyzed using routine immunohistochemical techniques for the presence of either MARCO or SR-A. Goat anti-mouse MARCO and SR-A polyclonal antibodies were obtained from R&D Systems (Minneapolis, Minn., USA). Briefly, 5-m histological sections were dewaxed with xylene, rehydrated in graded concentrations of ethanol, and stained with the mouse HRP-DAB cell and tissue staining kit according to the manufacturer's instructions (R&D Systems). Other histological samples were immunostained with control antibodies (IgG isotype controls and HRP substrate).
Statistical Analysis
All results are expressed as means 8 SEM. A Student's t test or analysis of variance (ANOVA) and a Student-Newman-Keuls multiple comparison test were used to determine statistical significance on a normal distribution between TLR9+/+ and TLR9-/-mice between CpG treatment groups on day 28 after the conidium challenge; p ! 0.05 was considered statistically significant.
Results

IN CpG Attenuated AHR in TLR9+/+ but Not in TLR9-/-Mice
In a previous study on AHR in TLR9+/+ and TLR9-/-mice [27] , absence of TLR9 had no effect on methacholine-induced AHR since both wild-type and knockout mice showed similar airway responses to methacholine. Previous reports have shown that CpG inhibits AHR in experimental asthma [8] . Our present results indicate that IN CpG from days 14 to 28 after conidium challenge, but not IP CpG treatment over the same time period, decreased AHR in TLR9+/+ mice assessed on day 28 after conidium challenge. In addition, neither IN nor IP CpG affected allergic airway hyperre-activity in TLR9-/-mice ( fig. 1 ). Thus, local but not systemic CpG administration inhibited AHR in TLR9+/+ mice and the inhibitory effects of IN CpG required TLR9 expression.
Exogenous CpG Altered Circulating Immunoglobulin Levels in TLR9-/-but Not in TLR9+/+ Mice
We next assessed serum levels of IgE and IgG2a to determine whether the CpG therapies affected these immunoglobulins on day 28 after conidium challenge. Elevation of serum IgE levels is a characteristic feature of atopy and allergic disease due to Aspergillus hypersensitivity [28, 29] . Aspergillus-sensitized and -challenged TLR9-/-mice treated with IP CpG did not exhibit any significant increase in serum IgE levels compared with TLR9+/+ mice. No differences in serum IgE levels between the untreated and IN CpG-treated TLR9+/+ and TLR9-/-groups were observed ( fig. 2 a) . IN CpG-treated TLR9-/-mice also did not demonstrate a significant change in serum IgG2a levels compared with TLR9+/+ mice ( fig. 2 b) . No differences in serum IgG2a levels between the untreated and IP CpG-treated TLR9+/+ and TLR9-/-groups were observed. It is important to note that neither IP nor IN CpG treatments in TLR9+/+ mice produced any noticeable effect on serum immunoglobulin levels.
IN CpG but Not IP CpG Treatment of TLR9+/+ and TLR9-/-Asthmatic Mice Ameliorates Peribronchial Fibrosis and Fungal Growth
We have previously reported that TLR9-/-mice were unable to control the growth of A. fumigatus leading to prominent fungal masses in the lungs of these mice on day 28 after conidium challenge [25] . Trichrome-stained lung sections from TLR9+/+ and TLR9-/-mice on day 28 after IT conidium challenge revealed that fibrosis was prominent around airways and fungal masses were prominent in control ( fig. 3 a, d ; fibrotic tissue is stained light blue) and IP CpG-treated groups ( fig. 3 c, f) , whereas peribronchial fibrosis was absent in both the TLR9+/+ and TLR9-/-groups that received IN CpG ( fig. 3 b, e). Most remarkable, there was the therapeutic effect of IN CpG on the fibrotic fungal masses in TLR9-/-mice; no fibrotic fungal masses were detected in IN CpG-treated TLR9-/-mice, and the histological appearance of wholelung sections in this group of mice was similar to that of IN CpG-treated TLR9+/+ mice. Thus, these data indicate that IN CpG but not IP CpG reversed the peribronchial fibrotic remodeling in TLR9+/+ and TLR9-/-mice, and eliminated fungus from TLR9-/-mice.
IN CpG but Not IP CpG Treatment Reduced Mucus Production and Fungal Growth in Both TLR9+/+ and TLR9-/-Mice
Following our observations of route-specific effects of CpG administration on lung inflammation and remodeling, changes in airway mucus secretion through PAS stain of lung histological sections were examined next. PAS-stained lung sections from TLR9+/+ and TLR9-/-mice on day 28 after IT conidium challenge demonstrated enhanced mucus production in untreated ( fig. 4 a, d ) and IP CpG-treated groups ( fig. 4 c, f ), but markedly decreased mucus secretion was observed in lungs from IN CpG-treated mice ( fig. 4 b, e) . Further, Gomori methenamine silver (GMS)-stained lung sections from TLR9+/+ and TLR9-/-mice on day 28 after IT conidium challenge fig. 5 b, e) . Thus, these data indicated that mucus metaplasia and fungal growth were markedly attenuated by IN CpG treatment in both TLR9+/+ and TLR9-/-mice.
TLR9-/-Mice Exhibited Significantly Increased Whole-Lung TLR3 Transcript Levels following IP CpG Treatment
We next examined whether IN or IP CpG altered whole-lung TLR expression in TLR9+/+ and TLR9-/-mice. Transcript levels of TLR4, TLR6, and TLR3 were analyzed in whole-lung tissues on day 28 after conidium challenge. CpG treatment did not alter levels of TLR4 or TLR6 in the lungs of asthmatic mice ( fig. 6 a, b) . IP CpGtreated TLR9-/-mice, however, demonstrated a significant increase in TLR3 levels compared with TLR9+/+ mice ( fig. 6 c) . Thus, these data suggest that IP CpG treatment in TLR9-deficient mice induced TLR3. However, CpG administration to TLR9+/+ mice did not alter whole-lung TLR4 or TLR6 levels in either wild-type or knockout mice.
TLR9-/-Mice Exhibit Significantly Increased Whole-Lung IFN-␣ Transcript Levels following IP CpG Treatment, but Significantly Elevated CXCL10 Transcript Levels following IN CpG Treatment
We next sought to characterize the mechanism through which IN CpG attenuated airway remodeling in TLR9+/+ and TLR9-/-mice and analyzed the transcript levels of several cytokines and chemokines in whole-lung tissues on day 28 after conidium challenge. IP CpG-treated TLR9-/-mice demonstrated an approximately 10- fold increase in IFN-␣ levels compared with TLR9+/+ mice ( fig. 7 a) . It is significant to note that IFN-␣ was only induced with IP CpG treatment, but this induction had no effect on any of the characteristics of allergic airway disease. The amount of IFN-␣ detected in TLR9-/-mice was markedly greater than that detected in untreated or IN CpG-treated mice. Further, CXCL10 transcript levels were significantly increased in IN CpG-treated TLR9-/-mice and were 3-fold greater compared with the TLR9+/+ group ( fig. 7 b) . Thus, these data suggested that the levels of CpG administered to TLR9+/+ mice did not alter whole-lung Th1-type cytokine and chemokine levels. However, the amounts of CpG delivered either by the IN or IP route were sufficient to alter these cytokine and chemokine levels in TLR9-/-mice.
Pro-Allergic Th2 Cytokine and Chemokine Levels Are Suppressed following IN CpG Treatment in TLR9+/+ Mice Only
Whole-lung cytokine and chemokine protein levels were analyzed next in this model of fungal asthma in response to IN and IP CpG treatment on day 28 after conidium challenge. No significant differences in IL-4, IL-5, IL-13, and IFN-␥ were observed between the IN and IP CpG groups on day 28 after conidium challenge ( table 1 ). Significant differences in the levels of TGF-␤ , thymic stromal lymphopoietin (TSLP), and CCL17 (cytokines and chemokines that promote allergic airway disease, differentiation of Th2 cells, and chemotaxis of Th2 cells) were observed following IN CpG treatment. Specifically, whole-lung levels of TGF-␤ were significantly decreased in TLR9+/+ mice receiving IN CpG compared with untreated and IP CpG-treated TLR9-/-mice ( fig. 8 a) . Further, there was a decrease in whole-lung levels of TSLP in TLR9+/+ mice treated with IN CpG compared with untreated and IP CpG-treated TLR9-/-mice ( fig. 8 b) . Finally, a significant decrease in whole-lung levels of CCL17 was observed in TLR9+/+ mice that received IN CpG compared with untreated and IP CpGtreated TLR9-/-mice ( fig. 8 c) . It is important to note that IN CpG did not inhibit levels of these Th2-type cytokines and chemokines in TLR9-/-mice compared with untreated TLR9-/-mice. Further, IP CpG did not inhibit levels of these Th2-type cytokines and chemokines in either group of mice compared with the appropriate untreated group of mice. Thus, these data indicated that decreased allergic airway disease in IN CpGtreated TLR9+/+ mice with fungal asthma might be a consequence of both decreased levels of TGF-␤ and lower levels of the Th2-associated cytokines TSLP and CCL17.
Asthmatic Mice Treated with IN CpG Exhibited Increased IL-12 Levels Regardless of TLR9 Expression, but IL-10 Induction following IN CpG Was TLR9-Dependent
Changes in other cytokines, namely IL-12 and IL-10, were observed following CpG treatment in this model on day 28 after conidium challenge. A significant elevation in IL-12 levels was observed in both TLR9+/+ and TLR9-/-mice during IN CpG treatment compared with IP CpG treatment ( fig. 9 a) . We also observed a significant elevation in whole-lung IL-10 levels in IN CpG-treated TLR9+/+ mice, but levels of this cytokine were not altered in TLR9-/-mice ( fig. 9 b) . No immunoreactive IL-10/IL-12 was detected at this time point in untreated mice, indicating that IN CpG drove the expression of lung IL-12 in both TLR9+/+ and TLR9-/-mice, but elicited lung IL-10 levels in only TLR9+/+ mice. 
SR-A and MARCO Levels Were Elevated in TLR9-/-Mice with Chronic Fungal Asthma
Given the altered histological and Th1-type cytokine/ chemokine profile in CpG-treated TLR9-/-mice, we next sought to identify alternative receptors through which CpG was exerting its therapeutic effects and examined the transcript and protein levels of the scavenger receptors MARCO and SR-A on day 28 after challenge. Results indicated a significant elevation in SR-A transcript levels, but no significant elevation in transcript levels of MARCO in untreated TLR9-/-mice compared with TLR9+/+ mice ( fig. 10 ) . Further, immunohistochemical analysis of whole-lung tissue sections revealed that both SR-A and MARCO were more abundantly expressed in the epithelium and mononuclear cells in untreated TLR9-/-mice compared with TLR9+/+ mice on day 28 after conidium challenge ( fig. 11 ) . To determine the effect of CpG treatment on whole-lung levels of SR-A and MAR-CO, ELISA was employed. Lower levels of MARCO and SR-A were measured in whole-lung samples from IN CpG-treated TLR9+/+ mice compared with IP CpGtreated TLR9+/+ mice ( fig. 12 ). SR-A levels were lower in IN CpG-treated TLR9-/-mice compared with IP CpGtreated TLR9-/-mice, but MARCO levels were similar between the two treatment groups of TLR9-/-mice ( fig. 12 ) . Notably, significantly greater levels of MARCO were present in whole-lung samples from IN CpG-treated TLR9-/-mice compared with similarly treated TLR9+/+ mice ( fig. 12 ) . Thus, greater transcript and protein levels of both SR-A and MARCO were present in TLR9-/-mice possibly accounting for the responsiveness of these mice to CpG.
Discussion
Herein, we characterized the asthmatic phenotype in A. fumigatus-sensitized and conidium-challenged TLR9+/+ and TLR9-/-mice after treatment with IP or IN CpG 14-28 days after conidium challenge. We observed that IN CpG but not IP CpG therapy significantly enhanced whole-lung IL-12 and IL-10 levels, and significantly inhibited airway inflammation and hyperresponsiveness, lung remodeling, and Th2-associated cytokine levels in a model of allergic asthma in TLR9+/+ mice. Surprisingly, we observed that IN CpG but not IP CpG therapy also significantly increased serum IgG2a levels and whole-lung levels of CXCL10 and IL-12. Compared with untreated TLR9-/-mice, IN CpG-treated TLR9-/-mice exhibited attenuated fungal growth and airway remodeling but not AHR. One explanation for the CpG responsiveness of A. fumigatus -sensitized and conidiumchallenged TLR9-/-mice might be derived from the observation that transcript and protein levels of the scavenger receptors MARCO and SR-A were dramatically el- evated in these mice compared with similarly sensitized and challenged TLR9+/+ mice. Thus, these data demonstrated that therapeutic responses to CpG during experimental fungal asthma were dependent upon the site of CpG administration, and CpG had TLR9-independent therapeutic effects in this model of fungal asthma, possibly due to CpG activation via MARCO and SR-A receptors. Previous studies have demonstrated that the adjuvant or Th1-type cytokine response evoked by CpG appears to depend on the site of administration [30] , with mucosal delivery being identified as the route promoting the optimal immunostimulatory effect [31, 32] . Although the IN delivery of CpG promotes inflammatory changes in non-allergic mice [33] , its delivery via this route in allergic mice has been shown to markedly attenuate the pulmonary allergic inflammatory response in wild-type mice [reviewed in ref. 34 ] . The therapeutic effect of CpG-ODN treatment in the experimental fungal asthma model examined herein was dependent on the site of administration since IN delivery of CpG provided a therapeutic effect in both wild-type and knockout mice, whereas the IP delivery of CpG did not. This difference in therapeutic outcome could be explained by the direct modulation of CpG-responsive cell types, such as epithelial cells, macrophages, and DCs, which are responsible for fungus-induced allergic inflammation. In fact, previous studies involving the priming of mice with Aspergillus antigens and CpG in a model of invasive aspergillosis have demonstrated that CpG promotes DC activation within the lung and the production of IL-12 and IFN-␥ by these cells [35] . Thus, the route of administration of CpG proved to be important for its therapeutic effect in experimental fungal asthma.
Immunostimulatory sequences containing CpG motifs induce IFNs and IFN-inducible genes such as CXCL10 both in experimental models of allergic airway disease [reviewed in ref. 34 ] and clinical asthma [36] . CpG directly activates monocytes, macrophages, and DCs to secrete IFN-␣ /IFN-␤ , IL-6, IL-12, and TNF-␣ leading to NK cell activation and secretion of IFN-␥ [32, 34] . Administration of neutralizing monoclonal antibodies against type I cytokines such as IFN-␣ have been found to attenuate the inhibitory effect of CpG-ODN on airway inflammation and Th2 cell migration into the lung [6] . In the present study, IN CpG treatment in TLR9+/+ mice was associated with significantly increased whole-lung levels of IL-12, but this mode of CpG delivery did not alter whole-lung levels of IFN-␣ and CXCL10. Given that IP CpG increased whole-lung IFN-␣ but not IL-12 levels in TLR9+/+ mice with fungal asthma, it is likely that the therapeutic effects of CpG were mediated, in part, via IL-12 and not IFN-␣ or CXCL10 in TLR9+/+ mice. Surprisingly, more dynamic changes were noted in Th1-type mediators in TLR9-/-mice with fungal asthma. IN CpG significantly enhanced serum levels of IgG2a, a Th1-associated immunoglobulin, and whole-lung levels of CXCL10 and IL-12. IP CpG significantly enhanced wholelung levels of IFN-␣ . The latter finding in IP CpG-treated TLR9-/-mice might reflect the fact that TLR3 levels were significantly elevated in whole-lung samples from this group of mice, but appears to confirm that this type-1 IFN does not mediate the therapeutic effects of CpG. Thus, the administration of CpG to TLR9-sufficient and -deficient mice with fungal asthma dynamically altered levels of Th1-type factors and mediators although only IN CpG enhanced the expression of whole-lung IL-12.
Shifting the immune response away from Th2-type cytokine generation has been shown to effectively reduce asthmatic symptoms both experimentally and clinically [5] . TGF-␤ and CCL17 have well-described roles in Th2-mediated airway inflammation [37] , and both are prominently expressed and appear to have clear roles in the experimental asthma model studied herein [26, 38] . The cytokine TSLP has not been examined in this model previously, but it is known to activate DCs and promotes the differentiation of Th2 T cells and secretion of Th2 cytokines and chemokines [39, 40] . We observed that wholelung levels of TGF-␤ were reduced IN CpG-treated TLR9+/+ mice and these findings are consistent with previous CpG studies in models of allergic airway disease [8, 10, 17] . Inhibitory effects of IN CpG on whole-lung TSLP and CCL17 were also apparent in TLR9+/+ mice alone, consistent with reduced AHR and remodeling in these mice. Changes in IL-10 following IN CpG were also TLR9 dependent. The inhibitory effects of IL-10 on allergic inflammation are well known and include regulation of eosinophilia [8] , inhibition of the proliferation of various structural cell types [41] , and regulation of airway inflammation through its inhibitory action on nitric oxide, a potent mediator of AHR [42, 43] . Recent studies have shown that the adoptive transfer of IL-10-overexpressing DCs into OVA-sensitized and challenged mice ameliorates allergic asthma symptoms [44] . The contribution of macrophage-derived IL-10 driven by CpG activation of TLR9 has also shown to be an important therapeutic modality of CpG in allergic airway inflammation [45] . Thus, IN CpG inhibited whole-lung Th2 cytokines and chemokines and enhanced whole-lung IL-10 levels in a TLR9-dependent manner, and these effects were consistent with the amelioration of all features of chronic fungal asthma in TLR9+/+ mice.
The macrophage class A scavenger receptors SR-A and MARCO recognize CpG and promote IL-12 and nitric oxide synthesis [22, 24] . SR-A levels were increased in an OVA-induced asthma model in wild-type mice, and both SR-A-and MARCO-deficient mice exhibited increased AHR and eosinophilic airway inflammation in this same model with a concomitant increase in the recruitment of DCs in the lung [46] . Recent studies have demonstrated that targeting scavenger receptors in a model of allergy produces a shift from a Th2 to a Th1 immune response [47] . In the present study, elevated SR-A and MARCO transcript and protein levels were observed in the whole lung from TLR9-/-mice compared with similar samples from TLR9+/+ mice. We interpret these findings to indicate that scavenger receptors, such as SR-A and MARCO, play a compensatory role in the TLR9-deficient mouse and recognize CpG. This interpretation is consistent with the enhanced Th1-type factors and mediators observed in TLR9-/-mice following CpG treatment. However, the full therapeutic effect of CpG required the presence of TLR9 indicating that SR-A and MARCO could not fully compensate for the absence of this TLR. Future studies will address the identification and characterization of the TLR9-expressing cell, which is so critically important in the regulation of AHR.
While CpG therapies have proven very effective in experimental studies [48] , clinical trials involving hypomethylated CpG-ODNs targeting TLR9 have failed to reproduce results observed in the laboratory. Specifically, clinical investigations into the efficacy of CpG in asthma have found that CpG increases in IFN-␥ and IFN-inducible genes in asthmatics but has no impact on the characteristic AHR in these patients [36] . Extrapolating the experimental findings in the present study to the clinical situation, it is plausible that the failure of CpG to work clinically is due in part to polymorphisms in TLR9 resulting in loss of function. Our previous study of the role of TLR9 during chronic fungal asthma showed that the absence of this receptor led to a severe form of allergic airway disease characterized by fungal growth [25] and thus it is possible that similar changes in severity related to the expression and function of TLR9 occur in clinical asthma. Investigations into the role of TLR9 polymorphisms in CpG-induced responses between individuals found major interindividual differences in CpG-induced IFN-␣ production, however, these were not associated with common TLR9 variants [49] . As mentioned above, CpG treatment in patients drove a Th1 response without improvement in AHR [36] . Again, one might speculate that this scenario is similar to what we observed in TLR9-/-mice given IN CpG, in which the presence of CpG recognizing scavenger receptors accounted for changes in Th1 cytokines without any attenuation of Th2 mechanisms driving AHR.
In summary, CpG appeared to have site-specific therapeutic effects on the maintenance of chronic fungal airway disease. Specifically, IN CpG but not IP CpG decreased AHR and airway remodeling in TLR9+/+ mice consistent with its inhibitory effects on Th2-associated factors such as TGF-␤ , TSLP, and CCL17 and its stimulatory effects on IL-12 and IL-10. Surprisingly, IN CpG reduced airway remodeling in TLR9-/-mice, but AHR was not affected in these mice. Together, these data highlight the importance of TLR9-dependent and -independent mechanisms in the modulation of all features of chronic fungal asthma.
